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Summary: This paper develops a fault detection and isolation (FDIYl @ctive fault toler-
ant control (FTC) of pitch actuators in wind turbines (WT3his is accomplished combining
a disturbance compensator with a controller, both of whiok farmulated in the discrete-time
domain. The disturbance compensator has a dual purposeedonstruct the actuator fault
(which is used by the FDI technique) and to design the diseiiete controller to obtain an
active FTC. That is, the actuator faults are reconstructad ¢ghen the control inputs are mod-
ified with the reconstructed fault signal to achieve a FTChe presence of actuator faults
with a comparable behavior to the fault-free case. The psegpidechniques are validated using
the aeroelastic wind turbine simulator FAST. This softwiarelesigned by the U.S. National
Renewable Energy Laboratory and is widely used for studwing turbine control systems.

1. INTRODUCTION

Fault detection and isolation (FDI) techniques (also cafiéeilt diagnosis) can be classified
into two categories: signal processing based and modelddas. In the latter case, which is
the approach used in this work, it is typical that a fault isl $a be detected based on a residual
signal. It must be a signal that is close to zero in the abseh@efault, and significantly
affected in the presence of faults [2]. The main componeésfault detection system are the
following: residual generator signal, residual evaluatinethod, and prescribed threshold to
decide whether a fault occurs or not [2]. It is then the taskaaft isolation to categorize the
type of fault and its location. Recently, there has been aflatterest in FDI in wind turbines
(WTSs). For example, observer based schemes are provida}] support vector machine based
schemes are used in [4], data driven methods are used im[b[6&is based on a generalized
likelihood ratio method.

In control systems for wind turbines, robustness and fenldirance capabilities are impor-
tant properties which should be considered in the designegss) calling for a generic and
powerful tool to manage parameter-variations and modetuainties. In this paper, active
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fault tolerant control (FTC) is provided capable to handlle parameter variations along the
nominal operating point and robust to the faults in the pggbtem. InpassiveFTC systems,
controllers are predetermined and are designed to be rabasist a class of presumed faults.
This approach needs neither FDI schemes nor controllenfigemation, but it has limited fault-
tolerant capabilities. In contrasictive FTC reacts to the system component failures actively
by reconfiguring control actions so that the stability ande@table performance of the entire
system can be maintained [7]. A successitlive FTC design relies heavily on real-time FDI
schemes to provide the most up-to-date information ab@utrtie status of the system [7]. The
main goal in this work is to design a controller with a suigabtructure to achieve stability
and satisfactory performance, not only when all control ponents are functioning normally
but also in case of (tolerable) faults. While still being &atieely new research topic, recent
years have seen a growing number of publications in windinerBTC. For example, a set
value based observer method is proposed in [8], and [9] m&ga control allocation method
for FTC of the pitch actuators. A virtual sensor/actuatdresue is applied in [10]. Reference
[11] presents an active FTC scheme based on adaptive methddsmodel predictive control
scheme is used for FTC in [12].

In terms of control, the wind turbine works in two distincgrens. One is below the rated
wind speed, in the partial load region, where the turbineoigolled to maximize the power
capture. This is achieved by adjusting the generator toi@obtain an optimum ratio between
the tip speed of the blades and the wind speed. The other aheve the rated wind speed, in
the full load region, where the main task of the controll@oiadapt the aerodynamic efficiency
of the rotor by pitching the blades into or out of the wind tegehe rotor speed at its rated
value. Blade control pitching is activated only in the fulat region, while in the partial load
region the blades are kept by the controller at zero pitchegi®]. In this paper, operation in
the full load region, where the blade pitch control is actisgconsidered.

Nowadays, pitch actuators are basically divided into twaes; electric and hydraulic. Hy-
draulic actuators change the blade pitch angle through eabiid system. The method offers
rapid response frequency, large torque, convenient dizatiian and is widely applied in WTs
[14]. However, hydraulic systems may suffer from oil lea&algigh air content in the oil, pump
wear and pressure drop [15]. These faults are studied irp#gsr. In fact, the pitch actuators
have the highest failure rate in WTs [15]. Thus, WT pitch sess®nd actuators are often the
topic of the FDI and FTC research focus. For example, an htgfibased FDI technique to
detect and estimate the magnitude of blade bending momesdisand pitch actuator faults is
given in [16]; blade root bending measurements are usedtézidgitch misalignment in [17];
model-based and system identification techniques are os@itéh actuator faults in [18].

The main contribution of this paper is twofold. First, a qolier based on a disturbance
compensator is proposed to face with tolerable faults. @#ca fault-diagnosis algorithm is
developed. The disturbance compensator and the contaoidyoth formulated in the discrete-
time domain using the variable structure concept [19]. Tt¢taator faults are estimated from
the disturbance compensator and the control inputs arentiogiified (with the estimated fault
signal) to achieve fault-tolerant control in the presentcpitch actuator faults. The proposed
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Table 1. Gross Properties of the Wind Turbine [21].

Reference wind turbine

Rated power 5MW

Number of blades 3

Rotor/Hub diameter 126m, 3m

Hub Height 90m

Cut-In, Rated, Cut-Out Wind Speed 3m/s,11.4m/s,25m/s
Rated generator speed,() 1173.7rpm

Gearbox ratio 97

techniques are validated using the aeroelastic wind tarbimulator software FAST [20]. This
simulator is designed by the U.S. National Renewable Enkadppratory’s (NREL) National
Wind Technology Center and widely used for studying windtoe control systems. Since
FAST is used by wind turbine researchers around the worsdiltebased on this platform are
more likely to be used by the wind industry than those basea impler model.

This paper is organized as follows. In Section 2. the oresheference WT used in the
simulations is introduced. In section 3the baseline abistrategy, that will be used for com-
parison, is recalled. In section 4the control and distackaestimation techniques are stated.
The simulation results are presented in Section 5. Fin@égtion 6brings up the conclusions.

2. REFERENCE WT

Several FAST models of real and composite wind turbines ofing sizes are available in
the public domain. In this work, the onshore version of ada¥gT that is representative of
real utility-scale land- and sea-based multi-megawaktites described by [21] is used. This
WT is a conventional three-bladed upwind variable-speeihbke pitch controlled turbine. In
fact, it is a fictitious 5MW machine with its properties baseda collection of existing wind
turbines of similar rating since not all turbine propertaes published by manufacturers. The
main properties of this turbine are listed in Table 1. Thiskwteals with the full load region of
operation: that is, the proposed controller main objedswhat the electric power follows the
rated power.

Here, the generator-converter and the pitch actuators adeled and implemented exter-
nally; i.e., apart from the embedded FAST code. The nextesiluns present these models as
well as the wind model used in the simulations.

2.1 Wind modeling

In fluid dynamics, turbulence is a flow regime characterizgataotic property changes.
This includes low momentum diffusion, high momentum comiee; and rapid variation of
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pressure and velocity in space and time [22]. In the simutatinew wind data sets are gener-
ated in order to capture a more realistic turbulent wind &en and, thus, to test the turbine
controllers in a more realistic scenario. The turbulemehsimulator TurbSim [23] developed
by NREL is used. TurbSim generates a rectangular grid whatshthe wind data. It can
be seen from Fig. 1 that the wind speed covers the full loanegs its values range from
12.91m/s up to the maximum df2.57m/s.
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Figure 1. Hub-height wind speed for simulation tests. Itatemworthy the simulated wind gust
from 350s to 400s (approximately) where wind speed moves fifb91m/s up to the maximum
of 22.57m/s and followed by an abrupt decrease in the next 100s.

2.2 Generator-converter actuator model

The dynamics of the generator-converter can be modeled bst-afder differential system
[24], which is given by
7r(t) + geme(t) = ageTe(t),
wherer, andr, are the real generator torque and its reference (given bgahteoller) respec-

tively, where we sety,. = 50 [21]. And the power produced by the generatgy(t), can be
modeled using [24]

Py (t) = ngw, ()7, (1),
wherern, is the efficiency of the generator ang is the generator speed. In the numerical
experiments), = 0.98 is used [24].
2.3 Pitch actuator model

The hydraulic pitch system consists of three identicallpdctuators, which are modeled
as a linear differential equation with time-dependentalalgs, pitch anglg(t) and its refer-
enceu(t). In principle, it is a piston servo-system which can be esped as a second-order
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differential system [24]

B(t) + 26w (1) + wrB(t) = wru(?), 1)
wherew, and¢ are the natural frequency and the damping ratio respegtiel the fault-free
case, the parametefs= 0.6 andw,, = 11.11 rad/s are utilized. [24].

2.4 Fault description

Faults in a WT have different degrees of severity and accodatian requirements. A safe
and fast shutdown of the WT is necessary for some of them ewbibthers the system can
be reconfigured to continue electrical power generatioi [Z&riable structure controllers can
be applied in the case of failures that gradually changeesystdynamics [26]. In this work,
pitch actuator faults are studied as they are the actuatitinshighest failure rate in WT [15].
A fault may change the dynamics of the pitch system by varttegdamping ratio and natural
frequencies from their nominal values to their faulty valire Equation 1. The parameters for
the pitch system under different conditions are given indgab

Table 2. Parameters for the hydraulic pitch system undésrdifit conditions [15].

Faults w, (rad/s) 1S
Fault-Free (FF) 11.11 0.6
High air content in oil (F1) 5.73 0.45
Pump wear (F2) 7.27 0.75
Hydraulic leakage (F3) 3.42 0.9

3. BASELINE CONTROL STRATEGY

The three-bladed 5SMW reference WT given by FAST containsguand pitch controllers
for the full load region, see [21]. In this section we rechét$e controllers and refer to them as
the baseline torque and pitch controllers as their perfao@an the fault-free scenario will be
used for comparison with the proposed FTC technique stat8édgtion 4.

The torque control and the pitch control, both, will use tbaegrator speed measurement as
input. To mitigate high-frequency excitation of the cohsgstems, we filtered the generator
speed measurement for both the torque and pitch controkdéng a recursive, single-pole low-
pass filter with exponential smoothing as proposed in [21].

In the full load region, the torque controller maintains stamt the generator power, thus
the generator torque is inversely proportional to the idegenerator speed, or,

Pref
T(t) = —~, (2)
wy(t)
where P is the reference power ang, is the filtered generator speed. This controller will be
referred as the baseline torque controller. As the genemady not be able to supply the desired
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electromechanic torque depending on the operating congitand in the case of overshooting,
the torque controller is saturated to a maximunmi©f02.9Nm and a maximum rate limit of
15000Nm/s, see [21].

To assist the torque controller with regulating the WT elegiower output, while avoiding
significant loads and maintaining the rotor speed withireptable limits, a collective pitch
controller is added to the rotor speed tracking error. THeecitive blade pitch gain scheduling
Pl-controller (GSPI) is one of the first well-documentedtcolters and it is used in the literature
as a baseline controller to compare the obtained resulis Tlbs work will follow the same
steps and use the baseline GSPI controller to study the pitcteng system in the fault-free
scenario. The GSPI is a collective pitch controller that Eyg a gain-scheduling technique
to compensate for the nonlinearity in the turbine by chaggive controller gain according to
a scheduling parameter. This controller was originallyalieped by Jonkman for the standard
land-based 5MW turbine [21]. The GSPI control has the geoespeed as input and the pitch
servo set-pointg,.(¢), as output. That is,

B00) = Ky 0)(@olt) — ) + 50) | (@) — ), K> 0K >0, ()

wherew,(t) is the filtered generator speed,, is the nominal generator speed (at which the
rated electrical power of the WT is obtained) and the scheguyarametep is taken to be
the previous measured collective blade pitch angle. Ashheetpitch angles are measured,
the collective pitch angle is obtained by averaging the miessents of all pitch angles. The
scheduled gains are calculated following [21]. Finallyjtalplimit saturation to a maximum of
45° and a pitch rate saturation 8f/s is implemented, see [21].

4. FAULT TOLERANT CONTROL

This section details the design of the FTC strategy basedocomtaol plus disturbance esti-
mator in the time-discrete domain. The control objectivihestracking of the reference signal
B-(t) (given by the baseline pitch controller, see Equation 3) idorresponding velocity
even in the case of pitch actuator fault. The block diagrafigure 2 shows the connections
between the WT (simulated using FAST), the FTC system, tiod jpictuator and the torque and
pitch controllers. To discretize continuous signals, aveational sampler is used. As can be
seen in the block diagram in Figure 2, a switch closes to admihput signal every sampling
period7T;. The sampler converts the continuous-time signal intoia thpulses occurring at
the sampling instant8T for £k = 0, 1,2, .... Traditionally, a discrete-time signal is considered
to be undefined at points in time between the sample timefismwiork, discrete-time signals
remain defined between sample times by holding on the valihe @revious sample time. That
IS, when the value of a discrete signal is measured betweepleéimes, the value of the signal
at the previous sample time is observed. This is knownzes@order holdor staircase gener-
ator as the output of a zero-order hold is a staircase fum2i6]. In this paper, the notatigh]|
is used for these discrete-time signals.
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Figure 2. Block diagram of the closed loop system. Note thattdrque control and the pitch
control already include their respective saturator ang lratiter blocks.

Taking the pitch actuator system given in Equation 1, théestspace representation in
discrete-time, using Euler approximatitreads to

zlk + 1) = (A+ AA)x[k] + bulk]) = Az[k] + AAx[k] + bu[k] 4)

where

ot (J18) 4= (1) 0 (3 0+ (22)

whereA A accounts for a fault in the system, and thgdz[k] is a disturbance term that will
be estimated.

In order to design the control law{k], the control objective is that, even in a faulty case,
the real pitch angles follows the commanded reference pitch angle(given by the pitch
controller), as well as the velocityfollows the commanded referenég That is, the objective
is to ensure the asymptotic convergence of the tracking eector to zero. The error vector is
defined as

e[k] = (61[/{7], 62[k]>T = (ﬁ[k] - ﬁr[k]vﬁ[k] - ﬁr[kDT

Following the results in [19], the switching function is defd with the error vector and a
column vector as follows:
s[k] = cTe[k], (6)

For the ordinary differential equation= f(z), the Euler discretization is defined éis*{—z’“ = f(zx), such
thatzy1 = zi + Ts f(2x) whereTy is the sampling time [28].
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and then, for system 5, the sliding surface 6 gives the asytioconvergence of tracking error
vector to zero designing vectosuch that the matrix

[1=b () e (7)
is contractive (eigenvalues inside the unit circle). Wheimg a sample timé&, = 0.0125 (see
[21]) and the fault-free values for the parametersand¢, it is found that vector

c=(1,0.25)7

ensures that matrix 7 is contractive (with one eigenvalugktp zero as in the application ex-
ample given by [19]). Finally, to achieve the sliding modegav control law with a disturbance
estimation law is proposed [19], as follows:

ulk] = —d[k] + (cTb) " {CT ( gm ) — T Axlk] + qslk] - nsorslK) | . (8)
d[k] = d[k — 1] + (¢"b) g [s[k] — gs[k — 1] + nsgn(s[k — 1])], 9)

where) < ¢ < 1,0 < g < 1, andy > 0 and beingl[k] the fault estimator or also called the
disturbance estimator. In the numerical simulatians: ¢ = 1/2 andn = 100. As can be seen
in Equation 8, the proposed discrete controller for actiV€ ks dependent on a fault estimate,
d[k], provided by the fault diagnosis system.

The pitch controller used by the FTC strategy is the bas&igPI controller, see Section 3.
On the other hand, the used torque controller is the chagi@antrol proposed in [29], which
is recalled here to be

#(0) = 2 [F()(02,(0) + 54(1) — aPer-+ KoS@PAD) ~ Fug] . (00
g
where P is the reference power anfd is the electrical power considered here (only for the
control design) to be described as [30]

Fe(t) = 7e(t)wy (1), (11)

where.(t) is the torque control and,(¢) is the filtered generator speed. This chattering
controller, Equation 10, has several advantages (see [29])

e Ensures that the closed-loop system has finite-time dialufi the equilibrium point
(Pe(t) — Pref) and the settling-time can be chosen by properly defining/éthees of the
parameters and K.

e Does not require information from the turbine total extédsmping or the turbine total
inertia. It only requires the filtered generator speed afeteace power of the WT.

In the numerical simulations the values= 1 and K, = 1.5 - 10° have been used and a first
order approximation of}g(t) is computed.

This torque controller is saturated to a maximum©£02.91Nm and a maximum generator
torque rate saturation ab000Nm/s, similarly to the baseline one.
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5. SIMULATION RESULTS

The results compare the performance of the contributed FEBBGnique under different
faulty scenarios with respect to the fault-free case withlthseline torque controller. When
testing the FTC technique, the faults given in Table 2 aredthiced only in the third pitch
actuator (thug; and, are always fault-free) in the following way:

e From Os to 100s, it is fault-free.

From 100s to 200s, a fault due to high air content in oil (FBadsve.

From 200s to 300s, it is fault-free.

From 300s to 400s, a fault due to pump wear (F2) is active.

From 400s to 500s, it is fault-free.

From 500s to 600s, a fault due to hydraulic leakage (F3) iseact

From 600s to 700s, it is fault-free.

The response of the generator velocity and electrical p@aneranalyzed in terms of the
normalized integral absolute error through the followimgfprmance indices:

1 t
Ju(t) = ;/0 |lwy(T) — wag| dr.

1 t
Tplt) = 7 /0 |P)(7) — Pref] dr-

As can be seen in Figure 3 (left) the three types of faults ateatied by the disturbance
estimatord given in Equation 9. To finally setup the fault detection asmlation strategy, the
proposed residual signal(t), is computed as described in Figure 4 and its results shown in
Figure 3 (right). This residual is close to zero when theaysis fault-free. On the other hand,
when a fault appears it is significantly affected and allawisolate the type of fault (among the
three studied pitch actuator faults stated in Table 2). Bselthresholds to pinpoint the type of
fault are:

e When the signal is smaller than 400 then F2 is detected. Hmide seen in the zoom in
Figure 3 (right)

e When the signal is between 400 and 5000 then F1 is detected.

e When the signal is above 5000 then F3 is detected.
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Figure 4. Computation of the continuous residual sign@l). Note that the Simulink dead
zone block is used (start of dead zone value equal to 0 and fedelad zone value equal to
2000).

It can be seen from Figures 5 and 6 that the system behavemtifebl power and generator
speed) with active fault compensation is similar to the baireof the fault-free case, as the
performance indicedp(t) and.J,(t) values for the fault-free baseline and for the FTC (with
faults) are very close. Moreover, thig (t) performance index shows that the generator speed
is closer to the nominal one during the faults F1 and F2 forRR€ than for the (fault-free)
baseline controller. This can be seen in Figure 6 (rightjhassalues of the index, during the
faults F1 and F2, are smaller for the FTC strategy.

Figure 7 (left) shows that the first pitch anglg [, which is always fault-free, has a slightly
different behavior with the FTC than with the baseline cohtrhis is due to the fact that with
the FTC technique a fault is introduced in the third pitchuatbr (3;3) as can be seen in Figure 7
(right). Although higher oscillations are present in th&F;The pitch control signal is regulated
within the authorized variation domain. That is, none of ¥haations exceed the mechanical
limitations of the pitch actuator.

6. CONCLUSIONS

A WT fault-tolerant control scheme for pitch actuator fauft presented in this paper based
on direct fault estimation by means of a disturbance comaiens With the proposed FTC

10
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strategy, the system behavior in FAST simulations withttaid close to the behavior of the

11
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baseline controllers in the fault-free case. Meanwhile, phoposed residual signal detects
in short time the appearance of the faults. This is in itsdileaefit for the development of
fault diagnosis schemes for WT. Finally, note that the tasyFTC strategy can also be easily
implemented in practice due to low data storage and simpth oyerations (at each sampling
time, sums and products between scalars).
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